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1. 

THERMAL MODULATION DEVICE FOR 
TWO DIMIENSIONAL GAS 
CHROMATOGRAPHY 

BACKGROUND 

Gas chromatography (GC) is used to separate Solutes or 
components in an analyte sample (vapor) for measurement. A 
gas chromatography mass spectrometer (GC-MS) is an 
implementation in which the GC device provides molecular 
samples in gaseous form to an inlet of the MS device. Gen 
erally, a GC device includes capillary column(s) for separat 
ing the Solutes. The columns are typically made of metal, 
glass or quartz, for example, and coated on the inside with a 
thin-film coating or stationary phase. The GC process con 
sists of introducing the analyte sample into a column using a 
continuous flow of carrier gas, such as hydrogen or helium. 
Various solutes within the sample react differently with the 
stationary phase, and thus move at different speeds through 
the column, resulting in separation of the solutes. The sepa 
rated solutes may then be detected by various detectors or 
provided as input to a mass spectrometer. 

Two-dimensional GC (2D-GC) systems include two col 
umns, arranged in series, having different dimensions and/or 
different stationary phases. This allows for additional sepa 
ration of the solutes in the sample under different conditions, 
which is particularly effective for solutes having similar reac 
tions to the first stationary phase. Two-dimensional GC sys 
tems include modulators, which trap and accumulate solutes 
from the first capillary column, while compounds from the 
second capillary column are being analyzed. Two-dimen 
sional GC systems may have either flow based or thermal 
based modulators. Typically, conventional flow based 2D-GC 
modulators are relatively small in size and do not need cryo 
gens or other cooling means for operation. However, flow 
based 2D-GC modulators use about ten times more carrier 
gas, all of which flows out of the second dimension column. 
Therefore, in 2D-GC-MS applications, for example, column 
flow must be split prior to the mass spectrometer, allowing 
only about /10 of the carrier gas into the mass spectrometer, 
and thus causing a reduction of detection sensitivity. 

Conventional thermal based 2D-GC modulators typically 
introduce at least one non-moving cryogenic gas jet into a hot 
GC oven, usually impinging at the starting segment of second 
dimension capillary column to affect Solute trapping. 
Examples of conventional thermal based 2D-GC modulators 
include dual jet design, quad-jet design including two cold 
jets and two hotjets, and loop modulator design including one 
cold jet and one hot jet. Conventional cryogenic thermal 
modulators are also provided with moving mechanisms, such 
as a moving cryogenic modulator, a semi-rotating cryogenic 
modulator, and a longitudinally modulated cryogenic system 
(LMCS), which is described for example, by MARRIOTT in 
Australian Patent No. AU 1997.48570, “Apparatus and/or 
Device for Concentration.” 

However, even though only a small segment of a capillary 
column is to be cryogenically cooled in thermal modulator 
designs, the conventional thermal based 2D-GC GC modula 
tors perform cooling inside the hot GC oven, so that the 
ambient heat of the GC oven may be used to effect solute 
remobilization (e.g., before and after cooling). Accordingly, 
large amounts of gas jet at a very low temperatures must be 
produced, most of which is needed simply to nullify the heat 
of the surrounding hot GC oven. Production of cold gas jets 
may be either from insulated tanks storing large amounts of 
cryogenic fluids (e.g., liquid nitrogen, liquid carbon dioxide 
and the like), or with a refrigeration system having Substantial 
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2 
cooling power. The conventional 2D-GC modulators are 
therefore bulky in overall size, and consume extensive 
amounts of power and cryogens. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The illustrative embodiments are best understood from the 
following detailed description when read with the accompa 
nying drawing figures. It is emphasized that the various fea 
tures are not necessarily drawn to scale. In fact, the dimen 
sions may be arbitrarily increased or decreased for clarity of 
discussion. Wherever applicable and practical, like reference 
numerals refer to like elements. 

FIG. 1 is a block diagram illustrating a thermal modulator 
for a two-dimensional gas chromatography system, accord 
ing to a representative embodiment. 

FIG. 2 is a block diagram illustrating a thermal modulator 
for a two-dimensional gas chromatography system, accord 
ing to a representative embodiment. 

FIG. 3 is a block diagram illustrating a portion of a cold 
Zone of a thermal modulator for a two-dimensional gas chro 
matography system, according to a representative embodi 
ment. 

DETAILED DESCRIPTION 

In the following detailed description, for purposes of 
explanation and not limitation, illustrative embodiments dis 
closing specific details are set forth in order to provide a 
thorough understanding of embodiments according to the 
present teachings. However, it will be apparent to one having 
had the benefit of the present disclosure that other embodi 
ments according to the present teachings that depart from the 
specific details disclosed herein remain within the scope of 
the appended claims. Moreover, descriptions of well-known 
devices and methods may be omitted so as not to obscure the 
description of the example embodiments. Such methods and 
devices are within the scope of the present teachings. 

Generally, it is understood that the drawings and the vari 
ous elements depicted therein are not drawn to scale. Further, 
relative terms, such as “above,” “below,” “top,” “bottom.” 
“upper,” “lower,” “left,” “right,” “vertical” and “horizontal.” 
are used to describe the various elements relationships to one 
another, as illustrated in the accompanying drawings. It is 
understood that these relative terms are intended to encom 
pass different orientations of the device and/or elements in 
addition to the orientation depicted in the drawings. For 
example, if the device were inverted with respect to the view 
in the drawings, an element described as “above' another 
element, for example, would now be “below” that element. 
Likewise, if the device were rotated 90 degrees with respect to 
the view in the drawings, an element described as “vertical.” 
for example, would now be “horizontal.” 

Generally, various representative embodiments provide a 
compact dual-stage thermal modulator for a 2D-GC system, 
which requires no cryogenic fluids or associated logistics, and 
no large refrigeration system. Since it is thermal based, a mass 
spectrometer can be used in conjunction with the various 
embodiments without sacrificing detection sensitivity. Also, 
the compact size of the thermal modulator enables portable 
(e.g., out-of-lab) use for 2D-GC and 2D-GC-MS analyses. 

FIG. 1 is a block diagram illustrating a thermal modulator 
for a 2D-GC system, according to a representative embodi 
ment, in which a solenoid rod is in an extended position. FIG. 
2 is a block diagram illustrating the thermal modulator for a 
2D-GC system, according to a representative embodiment, in 
which the solenoid rod is in a retracted position. 
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Referring to FIGS. 1 and 2, a dual-stage thermal modulator 
100 for a 2D-GC system includes first hot Zone 110, second 
hot Zone 120 and cold Zone 140 located between the first and 
second hot Zones 110 and 120. The thermal modulator 100 
enables reciprocating movement of a capillary column 105 in 
and out of the cold Zone 140 at a predetermined modulation 
frequency. 
The thermal modulator 100 is located outside GC oven 170 

of the corresponding 2D-GC system, as indicated by the 
exterior oven wall 175. The first and second dimension col 
umns are located within the GC oven 170, and are respec 
tively connected to metal tubes 112 and 122 of the thermal 
modulator 100 through corresponding connectors 171 and 
172 for serial communication with the capillary column 105. 
In the depicted embodiment, each of the connectors 171 and 
172 is shown as a union fastened by two nuts, although other 
types of connections compatible with GC technology may be 
incorporated. 
The cold Zone 140 is created by a thermoelectric cooler 

assembly, which includes enclosed cooling portion 130, and 
first and second fan-heatsinks 143 and 144 corresponding to 
first and second Peltier devices 131 and 132 housed in the 
enclosed cooling portion 130. For clarity, the enclosed cool 
ing portion 130 is shown in more detail in FIG. 3, which is a 
block diagram illustrating a blown-up portion of the thermal 
modulator 100, according to a representative embodiment. In 
various embodiments, thermoelectric cooling means other 
than Peltier devices may be incorporated, without departing 
from the scope of the present teachings. 
The cold Zone 140 includes a cooling block 135 sand 

wiched between the first and second Peltier devices 131 and 
132. In an embodiment, the first and second Peltier devices 
131 and 132 are three-stage Peltier devices, for example, 
although various stage Peltier devices may be incorporated. 
The first fan-heatsink 143 includes a first heatsink abutting 
the first Peltier device 131 and a corresponding first fan, 
which draws heat away from the first heat sink and thus the 
first Peltier device 131. Likewise, the second fan-heatsink 
144 includes a second heatsink abutting the second Peltier 
device 132 and a corresponding second fan, which draws heat 
away from the second heatsink and thus the second Peltier 
device 132. 

In various embodiments, the cold Zone 140 may incorpo 
rate various alternative configurations without departing from 
the scope do the present teachings. For example, the cold Zone 
140 may include a single Peltier device and corresponding 
cooling unit (e.g., heatsink and fan combination). Likewise, 
the first and second Peltier devices 131 and 132 may have a 
number of stages other than three. Also, the first and second 
Peltier devices 131 and 132 and/or the corresponding cooling 
units may be replaced by other types of cooling devices 
and/or cooling units, such as portable free-piston-Sterling 
cooler (FPSC) devices, which provide higher efficiency and/ 
or lower temperatures. Also, in various embodiments, the 
cold Zone 140 may be implemented using techniques other 
than thermoelectric cooling, such as refrigerant cooling or 
cryogenic cooling (e.g., using carbon dioxide or nitrogen). 
although thermoelectric cooling is generally more compact 
and efficient. 

Referring to FIG. 3, the cooling block 135 is formed of a 
highly conductive heat transfer material, including various 
metals, such as copper or aluminum, for example. When 
formed of copper, for example, the cooling block 135 is 
relatively thin, having a thickness dimension of about 3 mm, 
for example. The cooling block 135 includes a through-hole 
139traversing its length longitudinally, having an inner diam 
eter of about 0.2 mm to about 0.4 mm, for example. In an 
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4 
embodiment, the first and second Peltier devices 131 and 132 
abut the cooling block 135 on opposite sides (e.g., top and 
bottom) in order to draw heat from the sample passing though 
the through-hole 139, via the capillary column 105, discussed 
below. 
An enclosure 136 houses the first and second Peltier 

devices 131 and 132 and the cooling block 135. The enclosure 
136 is clamped tight between the first and second fan-heat 
sinks 143 and 144 using a clamping mechanism (not shown), 
Such as O-rings and/or screw-nut sets, for example. The 
clamping mechanism also ensures that first and second fan 
heatsinks 143 and 144 are in good contact with the first and 
second Peltier devices 131 and 132, respectively. The enclo 
Sure 136 has two holes on opposing sides that Substantially 
align with the end openings of the through-hole 139 in the 
cooling block 135. The two holes in the enclosure 136 are 
capped with corresponding septums 133 and 134. In various 
embodiments, the enclosure 136 may include ports (not 
shown) through which electric cables pass for providing 
power and control forthermoelectric cooling. Also, in various 
embodiments, the enclosure 136 may include a port (not 
shown) connected to a pure nitrogen Source for providing a 
small purging flow into the enclosure 136 to prevent or reduce 
condensation. 

Referring again to FIGS. 1 and 2, the thermal modulator 
100 further includes the first and second hot Zones 110 and 
120 on either side of the cold Zone 140. The first hot Zone 110 
includes first heated tube 111 and the second hot Zone 120 
includes second heated tube 121, each of which is formed of 
an efficient heat conducting material, including various met 
als, such as copper or aluminum, for example. 
The firstheated tube 111 has one end contacting firstheated 

block 115 and an opposite end inserted through the septum 
133 of the enclosure 136, such that the first heated tube 111 is 
substantially aligned with the through-hole 139 in the cooling 
block 135. Likewise, the second heated tube 121 has one end 
contacting second heated block 125 and an opposite end 
inserted through the septum 134 of the enclosure 136, such 
that the second heated tube 121 is substantially aligned with 
the opposite end of the through-hole 139 in the cooling block 
135. The septums 133 and 134 seal the outer surfaces of the 
first and second heated tubes 111 and 121. The sealing helps 
to isolate the interior of the enclosure 136, and also forces 
purging nitrogen gas to exit only through appropriate open 
ings, such as annular spaces between the first and second 
heated tubes 111 and 121 and the capillary column 105, 
discussed below. 

In an embodiment, the first heated tube 111 is heated by 
conduction through its contact with the first heated block 115. 
The first heated tube 111 maintains a temperature in a range of 
about 30° C. to about 350° C., for example, although the 
desired temperature ranges may vary to provide unique ben 
efits for any particular situation or to meet application specific 
design requirements of various implementations, as would be 
apparent to one of ordinary skill in the art. Alternatively, the 
first heated tube 111 may be heated separately through a 
dedicated heat source, such as an electric wire coil wrapped 
around at least a portion of the longitudinal length of the first 
heated tube 111 between the first heated block 115 and the 
enclosure 136, without departing from the scope of the 
present teachings. In an embodiment, the opposite end of the 
first heated tube 111 inserted through the septum 133 is not in 
contact with the cooling block 135, as shown in FIG.3, which 
prevents direct heat transfer from the first heated tube 111 to 
the cooling block 135. 

Similarly, in an embodiment, the second heated tube 121 is 
heated by conduction through its contact with the second 
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heated block 125. The second heated tube 121 maintains a 
temperature in a range of about 30° C. to about 350° C., for 
example, although the desired temperature ranges may vary 
to provide unique benefits for any particular situation or to 
meet application specific design requirements of various 
implementations, as would be apparent to one of ordinary 
skill in the art. Alternatively, the second heated tube 121 may 
be heated separately through a dedicated heat source, such as 
an electric wire coil wrapped around at least a portion of the 
longitudinal length of the second heated tube 121 between the 
second heated block 125 and the enclosure 136, without 
departing from the scope of the present teachings. In an 
embodiment, the opposite end of the second heated tube 121 
inserted through the septum 134 is not in contact with the 
cooling block 135, as shown in FIG.3, which prevents direct 
heat transfer from the second heated tube 121 to the cooling 
block 135. 

In various embodiments, the second heated tube 121 may 
be the same length as or a different length than the first heated 
tube 111, depending of the particular situation or application 
specific design requirements of various implementations, as 
would be apparent to one of ordinary skill in the art. Gener 
ally, a second capillary segment of the capillary column 105 
located within the second heated tube 121 and a first capillary 
segment capillary column 105 located within the first heated 
tube 111 can be alternately moved into and out of the cold 
Zone 140 by solenoid 160, in accordance with a thermal 
modulation frequency, as discussed below. 
The first and second heated blocks 115 and 125 may be 

formed of an efficient heat conducting material. Such as alu 
minum or copper, for example. In an embodiment, each of the 
first and second heated blocks 115 and 125 includes a dedi 
cated electric heater (not shown) connected to one or more of 
the corresponding sides. Since they are located outside of the 
oven wall 175, neither the first and second heated blocks 115 
and 125 nor the first and second heated tubes 111 and 121 are 
heated ambiently by the oven 170. However, various alterna 
tive embodiments may include heating one or more of the first 
and second heated blocks 115 and 125 and the first and second 
heated tubes 111 and 121 using heat bled from the oven 170. 
In various embodiments, the first and second heated blocks 
115 and 125 may operate in isothermal or temperature 
ramped modes, for example. 

Also, in various embodiments, the first and second heated 
blocks 115 and 125 may be implanted as a single heated block 
and corresponding electric heater for heating both the first 
and second heated tubes 111 and 121. For example, the single 
heated block may have separate protrusions, Substantially 
corresponding to the depicted configuration of the first and 
second heated blocks 115 and 125, where a first protrusion 
contacts the first heated tube 111 and a second protrusion 
contacts the second heated tube 121 to provide conduction 
heating, respectively. 

The first and second heated blocks 115 and 125 maintain 
temperatures in a range of about 30°C. to about 350°C., for 
example, although the desired temperature ranges may vary 
to provide unique benefits for any particular situation or to 
meet application specific design requirements of various 
implementations, as would be apparent to one of ordinary 
skill in the art. Accordingly, the first and second heated blocks 
115 and 125 heat portions of the capillary column 105 not 
located in the first or second heated tubes 111 and 121, respec 
tively. This assures that there are no cold spots in the capillary 
column 105 and that the solutes remain mobilized. In various 
embodiments, the first and second heated blocks 115 and 125 
may have different shapes to meet application specific design 
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6 
requirements of various implementations, as would be appar 
ent to one of ordinary skill in the art. 
As stated above, the metal tube 112 is connected between 

the first dimension column at the oven wall 175 and the first 
heated block 115, and the metal tube 122 is connected 
between the second dimension column at the oven wall 175 
and the second heated block 125. The capillary column 105 
passes from the first dimension column through the metal 
tube 112 into an interior portion of the first heated block 115. 
The capillary column 105 then extends through the first 
heated tube 111 of the first hot Zone 110, through the through 
hole 139 in the cooling block 135 of the cold Zone 140, and 
through the second heated tube 121 of the second hot Zone 
120 into an interior portion of the second heated block 125. 
The capillary column 105 then passes from the interior por 
tion of the second heated block 125 through the metal tube 
122 to the second dimension column at the oven wall 175. The 
first and second heated blocks 115 and 125 may include 
fixtures 114 and 124, respectively, for securing the capillary 
column 105. 
As shown in FIG. 1, the capillary column 105 forms a first 

loop 104 inside the first heated block 115 and a second loop 
106 inside the second heated block 125. The first and second 
loops 104 and 106 are complementary to one another, increas 
ing and decreasing in size to accommodate movement of the 
capillary column 105 within the first hot Zone 110, the second 
hot Zone 120 and the cold Zone 140. For example, FIG. 1 
shows loop size (A) of the first and second loops 104 and 106, 
and FIG. 2 shows loop size (B) of the first and second loops 
104 and 106, as discussed below. In addition, although 
depicted as single loops, it is understood that the first and 
second loops 104 and 106 may consist of multiple loops of the 
capillary column 105, without departing from the scope of the 
present teachings. 
The capillary column 105 is generally flexible, and may be 

formed of fused silica having an exterior polyimide protec 
tion layer, for example. Each of the metal tubes 112 and 122 
may have an inner diameter in range of about 0.8 mm to about 
2.0 mm, for example, to facilitate the manufacturing process 
and installation of the capillary column 105 through them. 
The first and second heated tubes 111 and 121 each have an 

inner diameter that Substantially corresponds to the inner 
diameter of the through-hole 139 in the cooling block 135, 
e.g., about 0.2 mm to about 0.4 mm, although the inner 
diameters may vary to provide unique benefits for any par 
ticular situation or to meet application specific design 
requirements of various implementations, as would be appar 
ent to one of ordinary skill in the art. The inner diameter of 
each is large enough to allow the flexible capillary column 
105 to slide linearly within the first and second heated tubes 
111 and 121, and the through-hole 139, respectively. In an 
embodiment, there may be an annular space between the 
capillary column 105 and the interior walls of the first and 
second heated tubes 111 and 121, and/or the through-hole 
139. The annular space provides a channel for purging nitro 
gen flow from the enclosed thermal modulator 100 to an exit 
or purge port (not shown), hence blocking humidity from the 
thermal modulator 100 and eliminating condensation. 
The thermal modulator 100 also includes the solenoid 160, 

which has a movable rod 166. A gripper 167 extends from a 
distal end of the rod 166 through slot 117 in the bottom of the 
first heated block 115, and connects to the capillary column 
105 by means of metal ferrule 119 or other type connection. 
In the depicted embodiment, operation of the solenoid 160 
moves the rod 166 linearly back and forth (e.g., left and right), 
and the gripper 167 translates the back and forth movement to 
the capillary column 105 inside the first heated block 115. 
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For example, when the solenoid 160 is energized (acti 
vated), the rod 166 moves outward (e.g., to the right) to 
Position A, causing the capillary column 105 to move to the 
right by Substantially the same amount of movement. This 
causes a first capillary segment located in the first hot Zone 
110 to slide from the first heated tube 111 into the cooling 
block 135 of the cold Zone 140. A second capillary segment, 
initially located in the cooling block 135 of the cold Zone 140, 
simultaneously slides from the cooling block 135 into the 
second heated tube 121 in the second hot Zone 120. 
The end position of this movement is depicted in FIG.1, for 

example, which shows the rod 166 in the out position (Posi 
tion A). In this example, the loop size (A) of the first loop 104 
in the first heated block 115 is smaller than the loop size (A) 
of the second loop 106 in the second heated block 125, indi 
cating that the amount of capillary column 105 within the first 
heated block 115 decreases as the first capillary segment 
moves into the cooling block 135, and that the amount of the 
capillary column 105 within the second heated block 125 
correspondingly increases as the second capillary segment 
moves out of the cooling block 135. 
When the solenoid 160 is de-energized (de-activated), the 

rod 166 moves inward (e.g., to the left) to Position B, causing 
the capillary column 105 to move to the left by substantially 
the same amount of movement. This causes the capillary 
segment located in the second hot Zone 120 to slide from the 
second heated tube 121 into the cooling block 135 of the cold 
Zone 140. The first capillary segment, located in the cooling 
block 135 of the cold Zone 140 from the previous activation of 
the solenoid 160, simultaneously slides from the cooling 
block 135 into the first heated tube 111 in the first hot Zone 
110. 

This movement is depicted in FIG. 2, for example, which 
shows the rod 166 in the in position (Position B). In this 
example, the loop size (B) of the first loop 104 in the first 
heated block 115 is now larger than the loop size (B) of the 
second loop 106 in the second heated block 125, indicating 
that the amount of capillary column 105 within the first heated 
block 115 increases as the first capillary segment moves out of 
the cooling block 135, and that the amount of the capillary 
column 105 within the second heated block 125 correspond 
ingly decreases as the second capillary segment moves into 
the cooling block 135. As stated above, although depicted as 
single loops, it is understood that the first and second loops 
104 and 106 may consist of multiple loops of the capillary 
column 105, without departing from the scope of the present 
teachings. 

In the embodiment of FIGS. 1 and 2, the solenoid 160 is 
depicted as a linear Solenoid, for purposes of explanation. 
However, in various embodiments, the solenoid 160 may 
include other types of Solenoids, such as a rotary Solenoid, 
without departing from the scope of the present teachings. 
When the solenoid 160 is a rotary solenoid, for example, the 
rod 166 performs an arc movement in response to the Solenoid 
160 being energized/de-energized. This arc movement is 
translated to the capillary column 105 via the gripper 167 and 
the ferrule 119 in substantially the same manner as discussed 
above with respect to the linear movement of the rod 166, 
although the configuration of the capillary column 105, and 
first and second heated tubes 111 and 121, etc., would vary to 
account for the arcing motion, as would be apparent to one of 
ordinary skill in the art. 

Alternatively, the rotary or arc movement may be trans 
lated to linear movement of capillary column 105 through 
various linkages and mechanisms, such as a cam, a rack and 
pinion, a crank-slider, and the like, as would be apparent to 
one of ordinary skill in the art. Also, the movement of the 
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8 
capillary column 105 may be actuated by various means other 
than a Solenoid. Such as linear or rotary motor, for example, 
without departing from the scope of the present teachings. 

Accordingly, the thermal modulator 100 is a two-stage 
modulator. In the first stage (e.g., shown in FIG. 1), the first 
capillary segment slides from the first heated tube 111 into the 
cooling block 135 in response to movement of the solenoid 
rod 166 to Position A. Solutes in the sample located within the 
first capillary segment are therefore cryogenically trapped 
when in the cold Zone 140. Meanwhile, solutes in the sample 
located within the second capillary segment, now positioned 
in the second heated tube 121, are remobilized, and will 
continue to flow toward the second dimension column. In 
other words, the movement of the solenoid rod 166 to Position 
A cryogenically traps solutes eluting from the first dimension 
column and releases trapped solutes into the second dimen 
sion column. 

In the second stage (e.g., shown in FIG. 2), the second 
capillary segment slides from the second heated tube 121 into 
the cooling block 135 in response to movement of the sole 
noid rod 166 to Position B. Solutes in the sample located 
within the second capillary segment are therefore cryogeni 
cally trapped when in the cold Zone 140. Meanwhile, solutes 
in the sample located within the first capillary segment, now 
positioned in the first heated tube 111, are remobilized. In 
other words, the movement of the solenoid rod 166 to Position 
B releases solutes trapped when the solenoid rod 166 was in 
Position A, and performs a second stage cryogenic trapping of 
the solutes being released from the first column segment. 
The first and second column segments thus provide a dual 

staged thermal modulator, which performs better in perfor 
mance than a single stage thermal modulator, for example, 
because of reduced breakthrough during modulation. Further, 
as discussed above, the thermal modulation is performed 
outside the GC oven 170. Therefore, a relatively small 
amount of heating and cooling power is required to modulate 
only small segments of the capillary column 105, for 
example, as compared to conventional single and dual-staged 
thermal modulators. Accordingly, the thermal modulator 100 
is able to be relatively compact in size, and may use efficient 
thermoelectric cooling processes. 
The modulation frequency (or modulation period) of the 

thermal modulator 100 is controlled by controlling the cycle 
time of the solenoid 160. In an embodiment, operation of the 
solenoid 160 may be controlled by a dedicated controller (not 
shown). Such as a processor, application specific integrated 
circuits (ASICs), field-programmable gate arrays (FPGAs), 
or combinations thereof. Thus, control may be implemented 
using Software, firmware, hard-wired logic circuits, or com 
binations thereof. Alternatively, the solenoid 160 may be 
controlled by a common controller configured to control 
operations of the 2D-GC, as well as the solenoid 160. General 
operations the 2D-GC and the thermal modulator 100 are 
coordinated in order to provide the appropriate modulation 
frequency, as would be apparent to one of ordinary skill in the 
art. 

In an embodiment, a processor may be configured to 
execute one or more logical or mathematical algorithms, 
including thermal modulation control via operation of the 
Solenoid 160, and include a memory (e.g., nonvolatile 
memory) for storing executable software/firmware execut 
able code that allows it to perform the various functions. The 
memory may be any number, type and combination of non 
volatile read only memory (ROM) and volatile random access 
memory (RAM), and may store various types of information, 
Such as signals and/or computer programs and Software algo 
rithms executable by the processor (and/or other compo 



US 8,277,544 B2 

nents), e.g., to perform thermal modulation control of the 
embodiments described herein, as well as the basic function 
ality of the 2D-GC system. The memory may include any 
number, type and combination of tangible computer readable 
storage media, Such as a disk drive, an electrically program 
mable read-only memory (EPROM), an electrically erasable 
and programmable read only memory (EEPROM), a univer 
sal serial bus (USB) drive, and the like. 

Thus, according to various embodiments, a 2D-GC system 
may include a GC oven having an exterior oven wall and 
containing first and second dimension columns, and a dual 
stage thermal modulator positioned outside the GC oven. The 
dual-stage thermal modulator may include a cooling block 
and at least one Peltier device abutting the cooling block, 
where the cooling block defines a through-hole having first 
and second end openings corresponding to first and second 
holes in the enclosure. The dual-stage thermal modulator may 
further include first and second heated tubes. The first heated 
tube has a corresponding first heat Source, and is aligned with 
the end opening of the through-hole. Such that a first segment 
of a capillary column passing through the first heated tube is 
able to move alternately between the first heated tube and the 
through-hole in the cooling block in accordance with a modu 
lation frequency. The second heated tube has a corresponding 
second heat source, and is aligned with the second end open 
ing of the through-hole, such that a second segment of the 
capillary column passing through the second heated tube is 
able to move alternately between the through-hole in the 
cooling block and the second heated tube in accordance with 
the modulation frequency. A Solenoid, including a movable 
rod connected to the capillary column, controls the movement 
of the first and second segments of the capillary column. The 
capillary column is serially connected between the first 
dimension column and the second dimension column at the 
exterior oven wall. 

While specific embodiments are disclosed herein, many 
variations are possible, which remain within the concept and 
scope of the invention. Such variations would become clear 
after inspection of the specification, drawings and claims 
herein. The invention therefore is not to be restricted except 
within the scope of the appended claims. 

What is claimed is: 
1. A thermal modulation device for a gas chromatography 

(GC) system, the device comprising: 
a cold Zone located outside of a GC oven of the GC system, 

the cold Zone comprising athermoelectric coolerassem 
bly: 

a first hot Zone located outside of the GC oven of the GC 
system adjacent a first side of the cold Zone, the first hot 
Zone having a corresponding first heat source: 

a second hot Zone located outside of the GC oven of the GC 
system adjacent a second side of the cold Zone, the 
second hot Zone having a corresponding second heat 
Source; and 

a flexible capillary column comprising a first segment, 
configured to move between the first hot Zone and the 
cold Zone in accordance with a modulation frequency, 
and a second segment, configured to move between the 
cold Zone and the second hot Zone inaccordance with the 
modulation frequency. 

2. The device of claim 1, wherein the cold Zone comprises 
a cooling block and at least one Peltier device abutting the 
cooling block, the cooling block defining a through-hole into 
which the first segment and the second segment of the capil 
lary column alternately move. 
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3. The device of claim 2, wherein the cold Zone further 

comprises at least one fan-heatsink corresponding to the at 
least one Peltier device. 

4. The device of claim 2, wherein the first hot Zone com 
prises a first heated tube, and second hot Zone comprises a 
second heated tube. 

5. The device of claim 4 wherein each of the first and 
second heated tubes are aligned with the through-hole of the 
cooling block. 

6. The device of claim 5 wherein the first segment of the 
capillary column moves between the first heated tube and the 
through-hole of the cooling block, and the second segment of 
the capillary column correspondingly moves between the 
through-hole of the cooling block and the second heated tube. 

7. The device of claim 4 wherein the cold Zone further 
comprises an enclosure housing the cooling block and the at 
least one Peltier device, the enclosure defining holes corre 
sponding to openings at the ends of the through-hole of the 
cooling block, the holes in the enclosure being capped with 
corresponding septums. 

8. The device of claim 7, wherein the first and second 
heated tubes pass through the corresponding septums into the 
enclosure, and do not contact the cooling block to prevent 
heat transfer from the first and second heated tubes to the 
cooling block. 

9. The device of claim 4, wherein the first heat source 
comprises conductive heat from an electrically heated first 
heated block contacting the first heated tube, and the second 
heat Source comprises conductive heat from an electrically 
heated second heated block contacting the second heated 
tube. 

10. The device of claim 4, wherein the capillary column is 
connected to a first dimension column of the GC system at an 
exterior wall of the GC oven, passes though the first heated 
block, the first heated tube, the cooling block, the second 
heated tube and the second heated block, and is connected to 
a second dimension column of the GC system at the exterior 
wall of the GC oven. 

11. The device of claim 4, wherein the first heated block 
contains a first loop of the capillary column that increases in 
size when the first segment of the capillary column moves to 
the first heated tube and decreases in size when the first 
segment of the capillary column moves to the through-hole of 
the cooling block. 

12. The device of claim 11, wherein the second heated 
block contains a second loop of the capillary column that 
decreases in size when the second segment of the capillary 
column moves to the through-hole of the cooling block and 
increases in size when the second segment of the capillary 
column moves to the second heated tube. 

13. The device of claim 4, wherein the first heat source 
comprises an electric wire coil wrapped around at least a 
portion of the first heated tube, and the second heat source 
comprises an electric wire coil wrapped around at least a 
portion of the second heated tube. 

14. The device of claim 1, further comprising: 
a solenoid comprising a movable rod connected to the 

capillary column to control the movement of the first 
segment of the capillary column between the first hot 
Zone and the cold Zone, and the movement of the second 
segment between the cold Zone and the second hot Zone. 

15. The device of claim 14, wherein the solenoid comprises 
a linear Solenoid, and the movable rod is configured to move 
back and forth in a substantially linear direction. 

16. The device of claim 14, wherein the solenoid comprises 
a rotary Solenoid, and the movable rod is configured to move 
back and forth in an arc movement. 
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17. A dual-stage thermal modulation device for a gas chro 
matography (GC) system, the device comprising: 

a cooling block and at least one Peltier device abutting the 
cooling block in an enclosure, the cooling block defining 
a through-hole having first and second end openings 
corresponding to first and second holes in the enclosure, 
the cooling block and the at least one Peltier device 
being located outside of a GC oven of the GC system; 

a first heated tube having a corresponding first heat source, 
the first heated tube being aligned with the first hole in 
the enclosure. Such that a first segment of a capillary 
column passing through the first heated tube is able to 
move alternately between the first heated tube and the 
through-hole in the cooling block in accordance with a 
modulation frequency; and 

a second heated tube having a corresponding second heat 
Source, the second heated tube being aligned with the 
second hole in the enclosure, such that a second segment 
of the capillary column passing through the second 
heated tube is able to move alternately between the 
through-hole in the cooling block and the second heated 
tube in accordance with the modulation frequency. 

18. The device of claim 17, further comprising: 
a Solenoid comprising a movable rod connected to the 

capillary column to control the movement of the first 
segment of the capillary column between the first heated 
tube and the through-hole in the cooling block, and the 
movement of the second segment between the through 
hole in the cooling block and the second heated tube. 

19. The device of claim 17, wherein the first and second 
holes in the enclosure are capped with corresponding sep 
tums, the first and second heated tubes passing through the 
corresponding septums into the enclosure and not contacting 
the cooling block to prevent heat transfer to the cooling block. 

20. A two-dimensional gas chromatography (GC) system, 
comprising: 
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a GC oven comprising an exterior oven wall and containing 

a first dimension column and a second dimension col 
umn; and 

a dual-stage thermal modulator positioned outside the GC 
oven, the dual-stage thermal modulator comprising: 
a metal cooling block and at least one Peltier device 

abutting the metal cooling block, the metal cooling 
block defining a through-hole having first and second 
end openings corresponding to first and second holes 
in the enclosure; 

a first heated metal tubehaving a corresponding first heat 
source, the first heated metal tube being aligned with 
the end opening of the through-hole. Such that a first 
segment of a capillary column passing through the 
first heated metal tube is able to move alternately 
between the first heated metal tube and the through 
hole in the metal cooling block in accordance with a 
modulation frequency; 

a second heated metal tube having a corresponding sec 
ond heat source, the second heated metal tube being 
aligned with the second end opening of the through 
hole. Such that a second segment of the capillary col 
umn passing through the second heated metal tube is 
able to move alternately between the through-hole in 
the metal cooling block and the second heated metal 
tube in accordance with the modulation frequency; 
and 

a Solenoid comprising a movable rod connected to the 
capillary column to control the movement of the first 
and second segments of the capillary column, 

wherein the capillary column is serially connected between 
the first dimension column and the second dimension 
column at the exterior oven wall. 


